Topological superconductivity is central to a variety of novel phenomena involving the interplay between topologically ordered phases and broken-symmetry states. The key ingredient is an unconventional order parameter (OP), with an orbital component containing a chiral px+ipy wave term. Here we present phase-sensitive measurements, based on the quantum interference in nanoscale Josephson junctions, realized by using Bi2Te3 topological insulator. We demonstrate that the induced superconductivity is unconventional and consistent with a sign-changing order parameter, such as a chiral px+ipy component. The magnetic field pattern of the junctions shows a dip at zero externally applied magnetic field, which is an incontrovertible signature of the simultaneous existence of 0 and π coupling within the junction, inherent to a non trivial OP phase. The nano-textured morphology of the Bi2Te3 flakes, and the dramatic role played by thermal strain are the surprising key factors for the display of an unconventional induced OP. 
Introduction:
The notion of superconducting materials with fully gapped order parameters, but that still support topologically protected surface states [1] [2] [3] [4] [5] , including Majorana bound states 2, 3 , are currently subject to much attention. Such systems intertwine two key paradigms in condensed matter physics, namely spontaneous symmetry breaking and topology, which has been predicted to cause unusual quantum phenomena with even direct analogies to concepts in high-energy physics, such as axion couplings 6 . This novel physics has been recently predicted to occur also in systems where the superconducting phenomenon involves topological Dirac electrons and it can be induced by the proximity with a conventional superconductor.
Heterostructures involving a conventional superconductor (S) and an exotic conductor, represented by the surface of a 3D topological insulator [7] [8] [9] [10] [11] (TI) and the edge states of twodimensional quantum wells 12, 13 , are ideal systems to emulate topological superconductivity.
In the pioneering work by Fu and Kane 1 the superconductivity induced in the surface states of a 3D TI is described, in a basis where the operators acquire a phase factor, by an OP which resembles a spinless chiral px+ipy (p) but does not break time reversal symmetry. In a subsequent work, Tkatchov at al. 14 have derived, this time in a canonical operator basis, that the induced superconductivity has an orbital term of the type p+s-wave with the p part, consisting of conventional chiral px+ipy and px-ipy, that sums up with the s-wave term through Pauli matrices to form the total superconducting order parameter.
It is clear that the first step that must be taken to unveil the rich variety of the predicted phenomena related to topological superconductivity is to clearly demonstrate the unconventional nature of the OP, which identifies in a chiral px+ipy (p-wave) orbital term. In compounds like the Sr2RuO4 layered perovskite, for example, considered the archetype of a topological superconductor, the existence of a chiral px+ipy wave orbital order, with a nontrivial internal phase, is still not generally accepted 15 . The appearance of Majorana fermions and topological quantum computation are fundamentally encoded in the properties of such p-wave superconductivity.
Josephson interferometry emerges as a crucial tool to show key features of the superconductivity involving topological Dirac electrons, as for instance supercurrents induced in the helical edge states of HgTe/HgCdTe 12 and InAs/GaSb 13 2D TI quantum wells.
The helical metallic surface states of 3D TI, probed by Josephson interferometry have shown, up to now, a mostly conventional induced superconductivity. Here the Josephson transport has been demonstrated to be ballistic 8, 10 and uniquely associated with the helical surface states 16 which rules out a contribution from the disordered bulk 8, 10 . However no other signatures have been observed. The reports on a skewed Josephson current phase relation could not be clearly discriminated if due to a conventional high transparency barrier in S-3DTI-S junctions 17 or to the peculiar bound state spectrum of the surface helical metal 11, 14 possibly hosting Majorana fermions.
Our experiment is a decisive step along this line. We have realized hybrid devices based on a 3D TI, where the nanostructured morphology of the topological insulator flakes makes the measurement of the Josephson effect sensitive to the interface unconventional order parameter symmetry. By using the same path and notions previously employed to prove the d-wave OP in high critical temperature superconductors 18, 19 (HTS) we have measured an unconventional magnetic field pattern of the Josephson current, with a dip at zero magnetic field. We demonstrate that this is the incontrovertible code of a Cooper pair tunneling process probing an OP with a non-trivial internal phase.
Results:
Unconventional magnetic field patterns in Al-Bi2Te3-Al Josephson junctions.
Al-3DTI-Al Josephson junctions (Fig. 1a) have been realized using Bi2Te3 flakes from epitaxial thin films. By varying the interface transparency , from a value close to 1 to the tunneling limit ( ≪ 1) we have been able to show that the surface states of Bi2Te3 host an induced OP with a non trivial phase compatible with a chiral p-wave. Figure 1b shows the nanostructured morphology of the flakes. We observe characteristic pyramidal domains (see Methods section) with a prevailing single domain, which points towards thin films without twin boundaries 20 . Figure 1c shows the current voltage characteristic (IVC) of a typical junction at the first cool down, measured at base temperature of 20 mK in a dilution refrigerator. The curve presents 50% hysteresis and a large excess current Iexc, defined as the extrapolation at zero voltage of the IVC above the Al gap, ∆ Al . This value can be higher than the Josephson current for high transparent interfaces 21 as we generally find for our devices. We will assume that the junctions can be assimilated to S'INIS' structures where S' is the effective fully gapped p+s-wave superconductor 14 , N is the Bi2Te3 Dirac metal channel and I the interface barrier (see After thermal cycling (from base temperature to 300 K and back to base temperature) the transport properties of all devices undergo a dramatic change. The critical current of the junctions is, for most devices, reduced by more than two orders of magnitudes (see Fig. 2) while the normal resistance increased by a factor between 1.1 and 6 (see Table 1 ).
We shall argue that this phenomenology is related to the dramatic role played by strain to tune the interquintuple layers interaction and therefore the topological phase in TIs. First principle calculations 26, 27 have shown that the consequence of a tensile strain (out of plane compression) is a shift of the Dirac point closer to the valence band while a compressive strain (out of plane expansion) leads to a gap opening at the Dirac point 26 . Strain is usually generated during the epitaxial growth of the material on the substrate, with lattice parameters different from those of the topological insulator. Recent reports have shown the tunability of the Dirac point by strain in thin topological crystalline insulator SnTe 28 and at grain boundaries in Bi2Se3 thin films 29 .
Our experiment is quite different: exfoliated Bi2Te3 flakes are transferred to a SiO2/Si substrate, so a possible strain-related phenomenology cannot be attributed to the growth process. The strain instead is related to the huge difference in the thermal expansion coefficient of Bi2Te3 (∼13.4 × 10 -6 °C -1 ) and that of the SiO2/Si substrate (0.5 × 10 -6 °C -1 /2.4 × 10 -6 °C -1 ). The flake will experience this difference by the clamping to the substrate, through the patterning of the Al electrodes forming a nanometer sized gap junction. During the warming up of the sample the Bi2Te3 flake at the nanogap undergoes a compressive strain inducing plastic deformation that leads to a buckling of the Bi2Te3 channel forming the nanogap upon a subsequent cool down 30 . Figure 3 shows a SEM picture of a junction after cycling; a typical buckling feature appears in the nanogap (see Supplementary Note 3).
Plastic deformations at the nanochannel can substantially affect the Josephson properties.
The opening of a gap at the Dirac node, which can eventually reach the bulk gap 26 , works as a tunneling barrier reducing the Josephson current as we observe in our experiment. The physics behind this reduction is that the opening of a gap at the Dirac node causes currentcarrying surface states beneath the Al electrodes to become evanescent waves in the TI nanogap region, which thus decay over a shorter distance than in the gapless case and thus reduces the critical current.
For the devices, which undergo the most dramatic changes in the Josephson current, the value of the exc is zero, signifying a very low transparency. However for these samples the most striking experimental observation is the inverted Josephson magnetic field pattern that appears after thermal cycling ( 
Discussion:
Our results are consistent with a proximity-induced superconductivity in the TI surface states compatible with a p+s OP which contains a chiral p-wave term. Let's now focus on the effect of the interface transparency on the chiral p-wave part of the p+s OP. Self-consistent calculations have shown that the transparency of the interface can have a dramatic effect on a chiral px+ipy wave OP. For highly transparent interfaces, both the px and py component of OP gap are equally suppressed at the interface 31 (see Fig. 5a ); however the net pairing symmetry of the order parameter remains a chiral p-wave at the interface region, with a slightly reduced magnitude. As the interface transparency is lowered, the px component of the order parameter will be strongly suppressed, while the py slightly enhanced 31,32 (Fig. 5b ).
Considering our data at the first cool down the transparency is high; if the induced order parameter is of the type p+s it will preserve the same symmetry at the interface. In this case, a Fraunhofer-like magnetic pattern is expected 23 , as we have found in our experiment. After thermal cycling, however, the critical current is suppressed by orders of magnitude (Fig. 2 ).
This fact cannot solely be attributed to a change in interface transparency due to plastic deformations induced by compressive strain (buckling). The strong suppression of C is, on the other hand, fully consistent with a change in pairing symmetry of the p+s OP. In particular, as theoretically predicted 31,32 the chiral p-wave term will assume a predominantly py-wave form at the interfaces (with the py lobe parallel to the interface).
If one considers only the chiral term of the p+s OP its amplitude and phase at the S'IN interface are shown in Figures 5c and 5d for a highly and low transparent interface respectively 32 . The chiral p term, of the total OP, is mainly transformed in py for low transparency barriers. Theory shows that in py-py junctions the critical current becomes strongly suppressed even for a slight increase of scattering in the junction 33 . This is therefore fully consistent with the observed reduction, of orders of magnitude in C , after thermal cycling. Secondly, such a change in pairing symmetry also explains the inversion of the Fraunhofer pattern with a dip at = 0 when the S'IN interface transparency is lowered. For a predominantly py-wave OP at the interface, the occurrence of scattering in the normal region of the junction will couple quasiparticle trajectories, emerging from positive py lobe of the OP on one side of the junction, with trajectories that probe the negative py lobe on the other side of the junction. This corresponds to a net π-phase shift in the Josephson coupling (see Fig. 6a and 6b). Here it is worth pointing out that while the buckling wave in the nanogap area can partially be responsible for the reduction of the Josephson current (and possibly for a non homogenous distribution of C across the width of the junction) it cannot account for the peculiar dip of the Fraunhofer patter at B=0, requiring a net π-phase shift between the electrodes. While the above scenario provides a possible route for introducing 0-and -trajectories in the system, we underline that an s-wave component of the OP simultaneously exists. We speculate that for -shifted trajectories to become possible, it might be of importance that the py-wave component is enhanced compared to the s-wave one since the p-and s-wave condensates are not separated due to the spin-mixing resulting from the normal-state TI dispersion with spin momentum locking.
In films with pronounced pyramidal nano-domains, like the flakes used in our experiment, the edges have proven to host an enhanced density of states 34, 35 and to be preferential Fig. 6b . The net result is that the total supercurrent is partially cancelled by these competing contributions, which amounts to a suppressed C at zero field.
This simple explanation has also a direct microscopic analog in terms of Andreev levels mediated transport in a Josephson junction 37 . Indeed a peculiarity of our measurement is the transition of the magnetic pattern to a conventional Fraunhofer type, for temperatures around 100 mK when the dip at zero field flattens out (Fig. 4b) Clearly the dip at B=0 in the magnetic pattern is also compatible with a 2 − 2 wave order parameter 41 . We can rule out this possibility since the 2 − 2 OP does not change symmetry depending on the interface transparency 37 and therefore cannot account for the dramatic modifications of the magnetic field response of the junctions upon thermal cycling. An helical px+py OP can instead be compatible with our entire experimental scenario. However this OP symmetry does not come directly from the theoretical works 1,14,41 so the possibility to induce an helical px+py OP needs further theoretical assessment.
To further check the conjecture that step-edges and pyramidal corners act as scattering centers, we have fitted the temperature dependence of the critical current C ( ) of the high transparency junctions. We consider that our S'INIS' junction is characterized by insulating barriers with transparencies 1 and 2 , which are separated by a distance 42 .
The disorder in the normal channel is characterized by a mean free path e . As previously discussed, in case of high transparency barriers the junction behaves similarly to conventional s-wave junctions 43 ; in this case we do not lose generality by modeling the S' superconductor with an s-wave OP. The Josephson current for an S'INIS' junction in the clean limit e ≫ has been derived in a previous work 8 . To fit our data, we have modified the original result of Ref. [8] in two ways (see Supplementary Note 6): (i) by adapting it to the two dimensional Dirac character of the surface states, and (ii) by extending it into the regime e ≈ which is achieved by changing the flight time expression of the electrons between the leads. We have verified that our approach well reproduces the Eilenberger theory for purely ballistic junctions and the Usadel theory for short diffusive junctions. Figure It is worth mentioning that we did not observe any apparent correlation between the orientation of the nano-pyramidal domains and that of the electrodes. This is not surprising; the basic mechanism to get an inverted magnetic field pattern, is the occurrence of 0 and π trajectories within the nanogap and they can be obtained for whatever orientation of the triangles with respect of the electrode, provided that some of the corners and/or the points where two domains merge fall within the Bi2Te3 nanogap (see Supplementary Note 4).
Finally we would like to point out that magneto transport measurements (Supplementary Note 4) have clearly shown that scattering mechanisms, connected to the morphology of the Bi2Te3 flakes, take place in the junction channel, which is instrumental to get  trajectories. However the interpretation of our measurements does not change if other scattering mechanisms are also involved.
To conclude it is worth discussing if the interpretation we have provided of our experiment would change if we would also consider a parallel Josephson contribution due to the transport through the bulk with an s-wave OP. Cooper pair transport through the bulk would just act as 0 trajectories effectively lifting the value of the Josephson current at zero external magnetic field, however leaving unaltered the dip structure at zero field of the magnetic pattern.
Methods: Materials and device fabrication
Bi2Te3 thin films have been deposited by molecular beam epitaxy on a GaAs (100) substrate with a 2° vicinal cut. Prior to the growth, a one minute Te soaking to the GaAs surface was carried out for passivation purpose. Then, the growth started at a temperature of 180 °C, when both Te and Bi sources were opened, and ended at a thickness of 80 nm after one hour.
The films have been grown with a high Te/Bi flux ratio, to obtain high quality crystallinity, as verified by X-Ray Diffraction (XRD) analysis 44 .
The films show characteristic aligned pyramidal domains (see 
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where C (0) is the critical current at zero field, 0 is the flux quantum, and = eff is the flux through the junction, being eff the effective area. After the thermal cycle (blue points), the critical current is dramatically reduced (the data points are multiplied by a factor 1000 for clarity), and a dip at = 0 appears. Table 1 : Relevant parameters for all the measured devices before and after the thermal cycle.
The critical current C , the normal resistance (measured above gap) N , the C N product, the width of the device (in case of a SQUID twice the junction) and the distance between the electrodes are reported. Devices JM10, JM5, SM4, SF8 and SD1 showed inverted magnetic patterns in the second cool down. The devices JM10 and JM5 are those, whose data are shown in the text. The junctions start with a J in the device name, whereas the SQUIDs device names start with an S.
Supplementary Note 1. EFFECTIVE AREA OF A PLANAR JOSEPHSON JUNCTION
The effective area A eff of a planar junction in the thin film limit t < 2λ, with t the film thickness and λ the London penetration depth, having a junction width, w, much smaller than the Pearl length, λ ⊥ = λ 2 /t, is well approximated by the following expression 1
Here L is the distance between the electrodes (see Supplementary Figure 1 ). For junction widths larger than the Pearl length, Supplementary Equation (1) is not anymore valid and the effective area has to be computed numerically. The effective area can be determined numerically as it follows.
First we calculate the Meissner screening currents in the superconducting electrodes by solving the Maxwell London equations on the junction geometry in the presence of an externally applied magnetic field:
Here µ 0 is the vacuum permeability, j is the supercurrent density in the electrodes, and B is the magnetic induction containing the externally applied field, B a , and the field generated by the supercurrents.
Next we need to calculate the difference between the gauge invariant phase differences across the junction at the left edge φ(0) and right edge φ(w) of the junction (see Supplementary Figure 1 ).
From the above calculated Meissner currents and resulting magnetic fields we can readily compute ∆φ = φ(w) − φ(0) making use of the property that the superconducting phase is single valued in the electrodes: The effective area of the junction is finally obtained using the following standard expression:
In the above equation we assume a 2π periodic current phase relation along the junction.
For typical values of the London penetration depth (λ ≈ 100 nm) for our 90 nm thick Al films 2 , we obtain effective areas in the range 0.68 − 0.70 µm 2 , which is very close to the experimental value of 0.75 µm 2 . This strongly supports that a 2π periodic current phase relation mainly dominates the magnetic pattern of the critical current in our junctions.
Supplementary Note 2. EFFECTS OF THERMAL CYCLING AND OCCURRENCE OF

− π TRANSITIONS IN THE MAGNETIC PATTERN
We have measured a total of 14 devices, including Josephson junctions and dc SQUIDs (see Table 1 This argument is also used to explain why for example Sb 2 Se 3 (with a larger c/a ratio compared to Bi 2 Se 3 ) that is expected to be a TI in many ways, is instead a trivial insulator. It also tells that, in principle, strain can provide a tuning of the surface states of a topological insulator.
Strain is usually generated during the epitaxial growth of the material on the substrate, with The magnetic patter of a regular 0-π faceted Josephson junction is strongly modified compared to a Fraunhofer-like. Supplementary Figure 10 shows the I C (B) for a junction formed by a total of 10 equal in size 0 and π facets carrying the same current 17 . The absolute maximum of the pattern is found at 5φ 0 . This is quite easy to understand since one requires a φ 0 to reverse the phase sign of every π facet. However one can still find the periodicity connected to the total junction's width in the position of the minima which happen at multiple of φ 0 (see Supplementary Figure 10 ). For a random distribution of facets the absolute maximum will always occur at finite field (which will depend on the microscopic distribution of 0-π facets), while at zero external field one can find a local maximum (not the absolute maximum) or a local minimum again dependent on the details of the facets microscopic distribution. The periodicity connected to the size of the junction can be still identified as local minima, local maxima or change in slope in the I C (B). As an example in Supplementary Figure 11 (b) we show the computed magnetic field dependence I C (B) for a uniform current distribution (red curve) compared with a random distribution of 0 and π facets (blue curve).
For the random case we can clearly identify change of slopes at φ 0 and 2φ 0 (indicated by the dashed lines) which corresponds to the periodicity determined by the width of the junction. Indeed such a scenario qualitatively reproduces what we observe in our experiment (see Supplementary   Figure 11 (a)) and that is discussed in the manuscript. 
Here µ = sin θ, where θ is the angle between the velocity of an electron flying out of a lead and the shortest line connecting the two leads, 4 Ω 4 n ∆ 4 ,
ω n = πk B T (2n + 1) ,
ω n are the Matsubara frequencies, and t 0 (µ) is the angular dependent average flight time of an electron between the leads for a given Fermi speed v F , mean free path l e , the separation between the leads L, and
Supplementary Equation (10) may be viewed as an interpolation between the clean limit (l e L), in which case
and the diffusive limit (l e L) , where t 0 does not any more depend on the angle and reads
For the normal state resistance in this model we find
The model outlined above differs from the original one 15 in two ways. Since we are dealing with a two dimensional normal layer (while in Ref. 15 a three dimensional normal metal was considered),
we have replaced the integral over the two transverse components of the wave vector, k y and k z , by the corresponding one-dimensional integral over k y , i.e. we have replaced dk y dk z /(2π) 2 by dk y /2πh, where h is the flake thickness. Second, we have introduced finite mean free path into the expression for the Josephson current in a phenomenological way.
Namely, we have replaced the ballistic expression for the flight time, Supplementary Equation (11), by a more complicated one containing the mean free path, Supplementary Equation (10). We have verified that this replacement correctly reproduces the known expression for the Josephson current of a short diffusive SINIS junction.
We have performed a fit on a selection of the junction listed in Table 1 (see main text) , which covered a wide range in the magnitude of the critical current values (see Supplementary Figure 12 ).
We used a value for the S' superconducting gap of ∆ S ≈ 125 µeV, which is close to the value of the Al superconducting gap. The Fermi velocity of the electrons has be chosen to be v F = 3.5 · 10 5
Supplementary Figure (5) and (7)). The fit parameters are listed in Supplementary Table 2. m s −1 , in agreement with literature, and the fitting parameters are: the Fermi energy, E F , the mean free path, l e , and the transparencies of the barriers, which we assumed to be identical,
The theoretical value of the normal state resistance, R th , has been determined from Supplementary Equation (13) and the Thouless energy was estimated as E Th = hv F l e /L 2 .
The extracted values of the mean free path (l e ) are typically comparable to the junction length, thus confirming a picture of an intermediate, between ballistic and diffusive, transport regime.
The scattering centers are probably the edges of the pyramidal domains of the film, as we have discussed in the main text.
It is known 16 that the bulk of the flake should behave as a resistive shunt. From the expression
we have extracted the effective shunt resistances of the devices. In Supplementary Equation (14) R th is the prediction of Supplementary Equation (13) and R exp is the resistance measured in the experiment. The sheet resistances of the films associated with the bulk transport, R = R sh w/L, vary in the range between 150 and 550 Ω/ . The corresponding resistivities, defined as ρ = R h, are shown in Supplementary Table 2 and change between 1000 and 5000 µΩcm, which is about one order of magnitude larger than the bulk resistivity reported in Ref. 16 , which probably indicates a lower level of doping in our material. We believe that the scattering of the extracted values of the bulk resistivity between different devices is mostly caused by the uncertainty in the geometry of the samples, but it may also be explained by slightly different levels of doping.
Device l e D E F E Th R Fermi energy E F are the free parameters of the fit. From these parameters we derived the Thouless energy E Th , the expected resistance above the gap R th N , the calculated shunt resistance of the flake R sh , and the corresponding sheet resistance R and resistivity ρ. The induced gap at zero temperature was taken to be ∆(0) = 125 µeV and at higher temperatures the standard BCS gap temperature dependence has been used.
